Abstract. The determination of absolute nonlinearity parameter (β) for water using a finite-amplitude method is described here. Measurements were carried out using commercial immersion transducers, thus making this technique field adaptable. Calibration of immersion transducers is based on a simplified version of the calibration technique proposed by Dace et al. With corrections for diffraction and attenuation, the nonlinearity parameter calculated for water is in good agreement with literature, providing a validation for the methods developed. The current study is aimed at progressing towards measuring the nonlinearity parameter of immersed solids using commercially available ultrasonic equipment. This work is supported by the
INTRODUCTION
With the continued interest in the application of nonlinear acoustic methods for materials and defect/damage characterization, significant progress has been made by a number of investigators in the development of approaches to move this largely laboratory method to applications on the shop floor. With respect to the harmonic generation, investigators have evaluated plastic strain with guided and longitudinal waves [1, 2, 3] and used longitudinal bulk waves to evaluate creep damage [4, 5, 6 ], 2 nd phase precipitation [7] and radiation effects [8] . These and many other approaches have typically used an uncalibrated receiver to detect both the fundamental and harmonic amplitudes and suffer from an inability to determine the absolute amplitudes and therefore the nonlinearity parameter. To circumvent this shortcoming, many normalize the response at various experimental conditions to some initial material condition and so determine a relative change in the nonlinearity, a so-called β* or β´. However, small variations in coupling will change the relative sensitivities at the fundamental and harmonic frequencies, and with the ratio of the sensitivities changing, even a measurement of the relative β is prone to error. This relative nonlinearity approach will also be problematic in measurements where the initial material condition response is unknown.
In the early 90's, Dace et al [9] developed a calibration approach for fluid coupled piezoelectric probes, successfully measuring the nonlinearity parameters of fused silica and aluminum alloys. The authors have also used this calibration in measurements of nonlinearity parameters of various materials, with minor modifications/simplifications to the approach. In any work using either calibrated or uncalibrated contact receivers, the measurements are quite time consuming due to the need to ensure minimal variation in coupling conditions from one measurement to the next, and progress toward a scanning approach has to date been elusive. However, the authors have developed a modification to the Dace calibration for immersion probes, with the aim of allowing measurements of nonlinearity of solids in immersion. The following text details the modifications to the calibration, an initial evaluation where the nonlinearity parameter of water is determined, a discussion of the mistakes/errors typically seen in unsuccessful calibrations, and a description of an inversion process being developed for evaluating solids in immersion.
The reciprocity based receiving transducer calibration approach developed by Dace originally involved a piezoelectric element coupled by a thin fluid layer to a solid, where the input voltage and current applied by a pulser were measured. This input signal, a short duration spike, impinges on the piezo and through the electrical-tomechanical transduction process, generates a stress wave that propagates into the coupled solid. After the propagating wave reflects off the opposite free surface, the stress wave will imping on the originating surface/piezo, where a mechanical-to-electrical transduction takes place, producing an output voltage and current that is coupled to the receiver electronics. The measurement of both voltages and currents were made because the pulser and receiver impedances were not known. Note particularly the reference to a reflection off the free surface at the opposite side of the sample. As harmonic generation is a result of a propagating finite amplitude wave, one would expect that this calibration would include errors resulting from this generated harmonic content. However, as the stress free interface reflection coefficient is negative (~ -1), any harmonic content generated on the forward path is cancelled by the nominally equal and opposite phase of harmonics generated on the return path. With the noted voltage and current parameters measured (representing the input and output power), and after correction for attenuation and diffraction of the output parameters, the transfer function Kr(ω) and calibration function H(ω), as defined by Dace [9, 10] can be calculated.
For the recent work interested in calibrating immersion probes, the water/air boundary is chosen as the required stress free interface, which provides a reflection coefficient of approximately -1. For the calibration, the authors have found it easier to use pulser/receivers with known impedances and simply measure the input and output currents alone. The key is not just to know the impedances, but to have them match the cabling at 50 Ohms so to minimize any internal reflections, and several commercial pulser receivers do indeed have true 50 Ohm source and load impedances. There will necessarily be an impedance mismatch at the cabling/piezo connection, which cannot be avoided. However, there is a simple workaround to eliminate the effects of this mismatch.
At this year's QNDE conference, the authors polled the attendees in one of the nonlinear sessions asking for a show of hands of those who have attempted calibrating probes using the Dace method, counting half a dozen or so hands raised. When following up, asking for a show of hands of those who have successfully measured nonlinearity parameters (absolute, not relative) using this calibration approach, no hands could be seen. The authors have found that in most cases, the above noted reflection from the cable/probe mismatch, as well as reflections from a pulser/receiver mismatch with cabling, as the principal sources of significant errors in the resulting transfer function and calibration functions.
The reflections from the cabling/probe mismatch, for example, will result in the superposition of the forward propagating spike output by the pulser and the reflected spike from the mismatch. This would then not represent the input (or available) power. The same is true for the output signal measurements, where reflections at the pulser will also produce superposition issues. This later condition on the output signal measurement is eliminated simply by ensuring the pulser/receiver (the output load) is matched to the cabling impedance. Figure 1 demonstrates the results of impedance mismatches for the input and output current measurements. Note, the upper graphics show the input and output currents with minimal impedance mismatches, where the input current is seen (and measured) as one would expect, a sharp spike. Then note the lower left graphic, where the input current is quite different, showing the result of an inverted reflection superimposed (with a bit of delay based on cable length) on the initial sharp spike. The lower right graphic shows decreased amplitude due to the superposition, but also a second lower amplitude signal trailing, which is the result of a reverberation off the cable/probe mismatch.
For the input signal measurement, a simple approach to measure the input or available power is to disconnect the probe and connect a high power 50 Ohm termination. In this way, only the input current is measured because the applied spike is nearly completely dissipated in the termination. Once the input current is measured, disconnect the termination, reconnect the probe and proceed to measuring the output current. Figure 2 shows the results of improper matching/measurement procedures on the calibration function, H(w), for the immersion probes used here. Figure 3 demonstrates the need for corrections due to attenuation and beam spread on the same calibration function. 
MEASUREMENT OF β FOR WATER
Once the calibration function for the immersion probe receiver is completed, the standard through transmission harmonic generation approach is used, where the transmitter and receiver probes are aligned coaxially and placed a known distance apart. For this measurement, a Agilent 33250A function generator is used to produce a low voltage (800mV) 20 cycle toneburst that is applied to the input of a Ritec GA-2500 amplifier. The high voltage output of the amplifier is coupled to the transmitting probe via a 50 Ohm high power feedthrough, a high power low pass filter, and a high power stepped attenuator, as seen in Figure 4 . The receiver side is comprised of the receiver probe coupled to a load via a current probe, with through-transmitted toneburst amplitudes captured on a digital storage oscilloscope (DSO). A flow diagram for signal processing is shown in Figure 5 . Once the average peak amplitudes are determined for the fundamental and second harmonic signals, an appropriate check is to plot the 2 nd harmonic amplitude as a function of the square of the fundamental amplitude, as in Figure 6 . The response seen in this plot provides insight into the system and sample response. At the higher amplitudes, the response should be linear if the sample is behaving in the classical manner. If the trajectory of the linear high amplitude response does not extrapolate through zero, then a significant level of second harmonic content is produced at the transmitter. At the low amplitude end, if the data flattens to a constant or static second harmonic amplitude for decreasing fundamental amplitudes, then the noise floor of the measurement system has been reached. As can be seen in Fig. 6 , the system used here exhibits a relatively low noise floor and very little second harmonic is produced at the transmitter. This results in a reasonable response for the β plots, as shown in Figure 7 . Note that the linear region, from 20 Angstroms on up, produces an average β of 3.65, which compares reasonably well to literature values of 3.5. This demonstrates that the calibration approach described here for immersion probes provides reasonably accurate sensitivity values for the probe at both the fundamental and second harmonic frequencies. 
FUTURE WORK
With the validation of the immersion probe calibration completed, follow on work will be concerned with the development of an approach to determine the nonlinearity of solids in immersions. Towards that end, a three layer model is being developed that is essentially a simple accounting scheme. As shown in Figure 8 , the three propagation layers are the first water path, from the transmitter to the sample, the path through the sample, and the second water path, from the sample to the receiver. As the response of the water is known and the transmission coefficients on either side of the sample are easily determined, the harmonic content contributed by the sample should be readily determined. Procedures are being developed that will back out the nonlinearity parameter of the solid after attenuation and beam spreading effects (using the KZK equation [11] ) are accounted for. Measurement of the response for the first water path (by placing the receiver at the position of the first water/sample interface prior to inserting the sample) will establish the content (amplitudes at both the fundamental and second harmonic) impinging on the sample and continuing to propagate forward. An interesting capability of this approach is that it should also allow the determination of the sign of β. Note that in the calibration for contact probes developed by Dace, only the magnitude of the nonlinearity is determined, not the phase. As the initial test cases will be fused silica (negative β) and aluminum, it is hoped that we can demonstrate this capability.
Additional work will evaluate the couplant response in the presence of corrosion inhibitor or surfactant (wetting agent) chemicals, which are commonly used. Also, as the authors have identified what they believe to be shock effects at high acoustic power levels and/or long propagation paths (where calculations of β produce highly varying values with small changes in acoustic power), procedures for estimating these effects in the three layer approach will be included so to plan water paths and/or power levels that are well below the shock thresholds. 
